Purpose -Construction contractors and facility managers are being challenged to minimize the carbon footprint. Life cycle carbon-equivalent (CO2-e) accounting, whereby the potential emissions of greenhouse gases due to energy expenditure during construction and subsequent occupation of built infrastructure, generally ceases at the end of the service life. However, following demolition, recycling of demolition waste that becomes incorporated into 2nd generation construction is seldom considered within the management of the carbon footprint. This paper aims to focus on built concrete infrastructure, particularly the ability of recycled concrete to chemically react with airborne CO2, thereby significantly influencing CO2-e estimates. Design/methodology/approach -CO2-e estimates were made in accordance with the methodology outlined in the Australian National Greenhouse Accounts (NGA) Factors and were based on the energy expended for each life cycle activity from audited records. Offsets to the CO2-e estimates were based on the documented ability of concrete to chemically react with airborne carbon dioxide ("carbonation") and predictions of CO2 uptake by concrete and recycled concrete was made using existing predictive diffusion models. The author's study focused on a built concrete bridge which was demolished and recycled at the end of the service life, and the recycled concrete was utilized towards 2nd generation construction. The sensitivity of CO2-e and carbonation estimates were tested on several different types of source demolition waste as well as subsequent construction applications using recycled concrete (RCA). Whole-of-life CO2-e estimates, including carbonation of RCA over the 1st and 2nd generations, were estimated and contrasted with conventional carbon footprints that end at the conclusion of the 1st generation. Findings -Following demolition, CO2 capture by RCA is significant due to the more permeable nature of the crushed RCA compared with the original built infrastructure. RCA also has considerably greater exposed surface area, relative to volume, than a built concrete structure, and therefore more highly exposed surface to react with CO2: it therefore carbonates more comprehensively. CO2-e estimates can be offset by as much as 55-65 per cent when including the contribution of carbonation of RCA built within 2nd generation infrastructure. Further offsets are achievable using blended fly ash or slag cement binders; however, this study has focused on concrete composed of 100 per cent OPC binders and the effects of RCA. Originality/value -Construction project estimates of life cycle CO2-e emissions should include 2 nd generation applications that follow the demolition of the 1st generation infrastructure. Life cycle estimates generally end at the time of demolition. However, by incorporating the recycled concrete demolition waste into the construction of 2nd generation infrastructure, the estimated CO2-e is significantly offset during the 2nd generation life cycle by chemical uptake of CO2 (carbonation). This paper provides an approach towards inclusion of 2nd generation construction applications into whole-of-life estimates of CO2-e.
Introduction
To meet the worldwide demands of the construction industry, more than 10 billion tonnes of concrete are produced annually and the manufacture of ordinary Portland cement (OPC), a key ingredient of concrete, produces approximately 7 per cent of all carbon dioxide (CO2) generated worldwide through the combustion of fuels as well as the chemical calcination of limestone (Meyer, 2009) . CO2 emissions also arise due to construction activity, occupation and operation of the built infrastructure, ongoing maintenance, and final demolition (Xinga et al., 2008; Guggemos and Horvath, 2005; Flower and Sanjayan, 2007; Vieira and Horvath, 2008; Horvath and Hendrickson, 1998; Naik, 2008) . The local conditions at the site of the built concrete infrastructure, including climate and available energy sources also significantly influence CO2 emissions. It is estimated that 1 billion tonnes/year of waste concrete are generated worldwide from construction and demolition of infrastructure (Mehta, 2001) . Recycling of this waste substitutes 20 per cent of the global consumption of natural sand, gravel, and crushed stone, utilized as a bound and unbound material over a wide variety of civil construction works, thereby saving natural resources ( Jia et al., 2012; Liu and Chern, 2008; Mehta, 2001) . Concrete currently contributes 81 per cent of the volume of construction and demolition waste in Australia (Tam, 2009) ; however, almost 74 per cent is recycled and utilized over a wide variety of civil construction works (Harper, 2006) . CO2 equivalents (CO 2-e) offsets are also achievable using blended fly ash or slag cement binders; however, this study has focused on concrete composed of 100 per cent OPC binders and the effects of recycled concrete aggregate (RCA).
Aim
Construction contractors and facility managers are being challenged to minimize the carbon footprint. Life cycle estimates of the carbon footprint are generally based on CO2-e, i.e. the collective contributions of CO2, CH4, NO2, and synthetic gases evolved during each construction activity, taking into account the energy content of the fuel, the global warming gas types produced, and the respective gas global warming potential (GWP), when the fuel is fully combusted. However, CO2-e estimates generally end at the time of demolition of built infrastructure, whereas the carbon footprint is significantly changed if the second-generation construction activities that follow the demolition include the recycling of demolition waste within the new construction. Our analysis of concrete construction considers the significant offset of the estimated CO2-e during the second-generation lifecycle by chemical uptake of CO2 (carbonation). This paper provides an approach towards inclusion of second-generation construction applications into whole-of-life estimates of CO2-e. An example of a constructed first-generation bridge is considered, with demolition and recycling towards several alternative second-generation construction applications. Whole-of-life CO2-e estimates, including carbonation of RCA over the first and second generations, are estimated and contrasted with conventional carbon footprints that end at the conclusion of the first generation.
Theoretical framework

First-and second-generation infrastructure
We have defined the total life of built concrete infrastructure as the sum of: the life of the original built concrete, from the time of first sourcing the raw materials through to final demolition (defined as "first generation"); plus "second generation", commencing from the time when concrete demolition waste was recycled, then incorporated into new construction, and spanning the total life of that built infrastructure until final demolition. The key stages within the first and second generation, and sources of CO2 emissions and carbon capture by carbonation, are summarized in Figure 1 . At the conclusion of the life of the second-generation infrastructure, consideration could be given towards further recycling and a tertiary construction application; however, the durability and suitability of RCA for a further construction application is uncertain and therefore it has not been included in this analysis. Figure 1 summarizes the system boundaries that were applied to the analysis. The focus of the study is concrete, which chiefly consists of a mixture of OPC, coarse and fine rock aggregates, and water; hence other construction materials, including steel, are shown outside the boundary. A further consideration would be to compare OPC binders with blended fly ash or slag cements that comprise partial replacement of OPC. Significant reductions in CO2-e emissions (29-54 per cent) can be achieved by partly substituting Portland cement with fly ash or slag, depending on the amount of replacement (Collins, 2010) ; however, the focus of this paper is on OPC binders. Figure 1 summarizes the sources of emissions evolved during the life of the first-and second-generation built infrastructure.
Sources of CO2 emissions
Aggregates
Rock aggregates, involving extraction of raw materials during quarrying, expend energy and therefore CO2-e due to: rock blasting with chemical explosives; diesel-powered rockbreakers and earthmovers; operation of conveyors and jaw crushers and screens, powered by electricity; and diesel-powered transport of the aggregates to the concrete-making plant. The sources of emissions arising from recycled aggregates are outlined below.
Cement manufacturing
The raw materials for cement manufacturing involve quarrying of limestone and shale rock, and the types of energy expenditure are similar to the extraction and processing and transport of rock aggregates. Manufacturing of Portland cement (OPC) consumes considerable energy: first, haulage of raw materials from the source to the cement manufacturing plant; second, raw materials are ground to a fine powder using an electric-powered grinding mill; third, the raw feed is then calcined, a process that involves heating by both natural gas and waste fuels in a cement kiln, a slowly rotating and sloped vessel, with temperatures increasing over the length of the kiln up to a peak temperature of 1,400-1,450 1°C. Calorific wastes are utilized in cement kilns to provide energy as a substitute to conventional fuels. However, our estimates do not include the compensation calculation of CO2-e due to the energy saved from waste fuel utilization during cement manufacturing and therefore it is a conservative estimate; fourth, the mixture is finely ground to form cement powder in an electricpowered grinding mill; and finally, haulage by diesel-fuelled transport to a concrete-making plant. A significant amount of CO2 is also liberated during calcining, due to the chemical breakdown CaCO3 within limestone. Although OPC partial replacements (blended cements), such as ground-granulated blast furnace slag ("slag" waste by-product generated by steel making), or fly ash waste residues generated in the combustion of coal from coal burning power stations, can reduce the total amount of OPC used for concrete making and hence the CO2 emissions that would otherwise be generated by 100 per cent OPC cement (Flower and Sanjayan, 2007) , this study focuses on a "worst-case" emissions scenario by examining concretes made with 100 per cent OPC as the binder.
Concrete production, construction, operation, and demolition of the built structure Concrete production is undertaken at batching plants where the raw materials are stored in silos and discharged into mobile mixing trucks that transport the concrete to the construction site. Operation of conveyors to silos and discharge equipment is powered by electricity, while earthmovers and mobile mixing trucks are diesel fuelled. This study examines the construction of a two-span concrete bridge located in metropolitan Melbourne: specifically the construction of a concrete crosshead beam that supports the overlying concrete deck. The beam will be built at height where energy by diesel equipment will be expended due to provision of temporary structural support and access, concrete pumping, placement, finishing, and curing of the concrete. Energy expenditure arises due to occupancy, operation, and maintenance and can vary significantly on a case-by-case basis due to the type and use of the built infrastructure (e.g. a high-rise building will expend significant energy due to heating/ cooling during the service life compared with a bridge). At the expiry of the service life, energy is expended during demolition of the built concrete; mostly expended by operation of diesel-fuelled mobile boom-mounted pneumatic breakers and haulage equipment.
Concrete recycling
It is assumed that, following demolition, the demolished concrete will be recycled and utilized at the same site towards construction. Portable diesel-fuelled equipment, consisting of primary and secondary jaw crushers to produce various sized RCA, screening equipment to sort recycled concrete into sizes, and earthmovers stack the RCA into stockpiles for subsequent construction use. The energy expended will be influenced by the amount of processing needed towards producing RCA into various sizes and therefore we have studied the effects of: first, strength of the source waste concrete and influence on the energy expended during recycling; second, the effects of the amount of processing needed to generate RCA of different sizes for different construction applications; and finally, energy expended on different construction applications that utilize RCA.
Carbonation of concrete
During concrete construction, when water is brought into contact with Portland cement during concrete making, the cement constituents undergo a series of hydration reactions. The resulting pH of concrete is typically 12.5: the high alkalinity arising from the constituents present in the pore liquid (mainly as sodium and potassium hydroxides) and also in the solid hydration products (i.e. Ca (OH)2 and also calcium silicate hydrate (C-S-H)). When exposed to CO2, the cement binder within concrete has a well-documented ability to chemically react with CO2 (Verbeck, 1956; Cole and Kroone, 1960; Ho and Lewis, 1987; Lawrence et al., 2007; Bickley, 1990; Jones et al., 2000; RILEM Committee TC 56, 1988; Tuutti, 1982) . Airborne CO2 diffuses through porous concrete, reacts with water, forming carbonic acid that progressively neutralizes the basic compounds of hydrated cement; a process referred to as "carbonation". Following crushing of demolished concrete and application of the recycled concrete towards a new construction application, ongoing chemical reaction between the exposed RCA and CO2 results in further carbonation. The depth of carbonation of the original built concrete during first generation, relative to total overall volume, is generally not significant because the exposed surface area to volume ratio is not high. However, when concrete is demolished and crushed, the exposed surface area of RCA is much higher, relative to volume, and overall carbonation is more comprehensive (Pade and Guimaraes, 2007) . While also reducing the amount of solid landfill, the contribution of RCA towards the capture of air-borne CO2 is generally not considered in most life cycle assessments arising from built concrete infrastructure. Carbonation is highly influenced by diffusivity of concrete to CO2 and the exposure environment (including temperature, CO2 concentration, and relative humidity). Due to the manufacturing of RCA, involving the demolition and crushing of a parent concrete structure, RCA is more permeable to CO2 than the parent concrete due to the introduction of microcracks as well as areas of debonding between the original mortar and the aggregate (Otsuki et al., 2003) . The exposure environment has an important effect on the rate of carbonation: temperature influences the concrete carbonation chemical reaction rate and the CO2 diffusion rate in concrete, while relative humidity affects the amount of moisture in the pores (which hinders the diffusion of CO2), whereas if the pores are dry then insufficient dissolved calcium hydroxide will be available for carbonation (Jones et al., 2000) . In this paper, a range of RCA exposure environments have been analysed, namely: first, RCA crushed into 200 mm boulders and serving as embankment protection (assumed to reside 50 per cent in an exposed air environment, with the remaining 50 per cent exposed to moist soil); second, RCA crushed into 100 x 100 x 200 mm prisms that are placed within rectangular steel mesh cages to construct a gabion retaining wall (air exposed and soil exposed); third, RCA utilizes as pipe bedding within buried and moist environment; and finally, RCA crushed to gravel to be applied as road subbase in a buried and moist exposure environment. This paper considers the contribution of carbonation, particularly in the case of recycled concrete, towards off-setting the estimates of life cycle emissions of CO2 of built concrete infrastructure.
Method
CO2-e emissions
In this study, CO2-e are used as the unit of measurement, which is adjusted to include the effects of other greenhouse gas emissions from the same fuel or process that contribute to global warming effects (e.g. methane, nitrous oxide, halocarbons, and synthetic gases). CO2-e calculations were made in accordance with the Australian National Greenhouse Accounts (NGA) factors (Department of Climate Change, 2009). The basis of the CO2-e calculations was to first determine the energy sources and energy expended for each life cycle activity from audited records (e.g. operation hours by particular machinery and receipts of fuel consumed). Calculation of CO2-e was based on the collective contributions of CO2, CH4, N2O, and synthetic gases evolved during each activity, taking into account the energy content of the fuel, the global warming gas types produced, and the respective gas GWP, when the fuel is fully combusted:
CO2-e =Q x EC x GWP
( 1) where Q is the quantity (kg) of fuel consumed to undertake a particular activity (obtained by auditing fuel expenditure receipts and time logs for particular equipment); EC is energy content of the particular fuel type (J/kg); GWP is total GWP of the fuel type (kg CO2 -e/J), comprised of the sum of the individual components, comprising CO 2, CH4, N2O, and synthetic gases. For each fuel type, values of EC and GWP were obtained from the Australian NGA factors (Department of Climate Change, 2009) and the emission factors, expressed as the product of EC by GWP, are summarized in Table I . Each activity through the life cycle was analysed in terms of energy expended and calculation of CO2-e at the point of emission release. The records of fuel use were audited during manufacturing, construction, demolition, and recycling, and Equation (1) was implemented using the emission factors shown in Table I . The estimation of CO2-e due to cement manufacturing is complicated by the additional liberation of CO2 due to decomposition of limestone during calcination, source limestone variability, and also the use of calorific wastes in cement kilns which provide energy as a substitute fuel. Within Australia, the most recently reported emission factor for cement production, including transport of cement to concrete batching plants, is 0.82 kg CO2-e/kg (Flower and Sanjayan, 2007) and we have used this emission factor in our calculations. 
First-and second-generation construction applications
Our study focuses on a built concrete bridge, and therefore we have defined the service life of the first generation in accordance with the Australian Bridge Design Code, AS 5100 (Standards Australia International, 2004) , that is defined as 100 years. The analysis has assessed four different construction application types, utilizing RCA, for the second-generation built infrastructure. Recycled concrete has been assessed when incorporated into the following different earthworks during the 30-year service life (Standards Australia International, 2004): (i) boulders for road embankment protection; (ii) rocks within gabion retaining wall for erosion protection; (iii) gravel bedding within a trench that accommodates services pipes; and (iv) sub-base providing drainage to road pavement. Each of the construction tasks (i)-(iv) expend different amounts of energy which have been considered in our study.
CO2 absorption by carbonation
During the life of the first-and second-generation built infrastructure, gaseous CO2 penetrates concrete by diffusion through unsaturated concrete pores and reacts with solutes within the pores (mostly calcium hydroxide). Influencing factors include diffusivity of concrete to CO2 and the constituents of the cementitious binder. The exposure environment is also critical, including temperature, CO2 concentration, and relative humidity. Past investigations of carbonation have focused on corrosion initiation of embedded steel within concrete, arising from depletion of concrete alkalinity by carbonation, leading to the breakdown of the protective iron oxide film on the steel surface, however assuming durability has been designed and built into the concrete, the focus of this paper is to quantify the influence of carbonation on CO2-e estimates. Predictive models of carbonation are based on Fick's First Law of Diffusion (Tuutti, 1982) , whereby the depth of carbonated concrete,x (mm), is proportional to the CO2 concentration difference arising between the air-exposed concrete surface, C ext, and the internal concrete, Cint, as well as humidity, temperature, concrete diffusivity, binder type, and age. If the constant parameters are combined into a single constant, k (mm/year), the depth of carbonated concrete, x (mm), is commonly simplified into the following equation:
Where t, time of exposure, is expressed in years. The constant, k, collectively includes the physical and chemical characteristics of the concrete and of the exposure environment, and is either determined experimentally or measured on built structures. The key influences on carbonation are summarized in Figure 2 . Past studies by Ho and Lewis (1987) have reported values of k on concrete exposed to the Melbourne air environment, for concrete with various mechanical strengths, and therefore these rates, summarized in Table II , have been used in this analysis. The CO2 content of the surrounding air is 0.037 per cent (Coutts et al., 2007) , based on the average of measurements taken within Melbourne CBD, although it is acknowledged that the concentration will vary worldwide. Adjustments have been made to the carbonation coefficients to allow for the slower rate of carbonation of concrete exposed to buried or wet/submerged conditions (Lagerblad, 2005) . Few studies deal with carbonation of recycled concrete, although investigation of carbonation of RCA within Nordic countries (Pade and Guimaraes, 2007; Lagerblad, 2005; Christian et al., 2005; Pommer and Pade, 2006) showed RCA carbonates more comprehensively than the built concrete that had been previously demolished. RCA has considerably greater exposed surface area, relative to volume, than a built concrete structure: therefore a greater surface area is exposed to CO2 and carbonates. The CO2 uptake (kg) during the service life can be calculated as follows:
CO2 (uptake in kg) = x.c. CaO.r.A.M (3) where x is the calculated depth of carbonation (m); c is the quantity of OPC within the binder (expressed as kg/m3); CaO is the calcium oxide content within OPC (assumed to be 0.65 for Australian cement) (Collins and Sanjayan, 2008) , where 1.0 represents 100 per cent CaO content; r is the proportion of CaO within fully carbonated OPC that converts to CaCO3 (dimensionless and assumed to be 0.75, where 0 indicates zero conversion and 1.0 indicates total conversion) (Lagerblad, 2005) ; A is the exposed surface area of concrete (m2); and M is the dimensionless chemical molar fraction, CO2/CaO, or 0.79. 
Key variables
The key variables that were tested for influence on both CO2-e and carbonation depth included: concrete strength; area/volume of concrete; and concrete exposure conditions. The influences of these variables are summarized in Figure 2 . Higher strength concrete necessitates larger quantities of OPC during concrete making; a factor that would generate more CO2-e from raw materials. This would be offset by more OPC available within higher strength concrete for reaction with CO2, although limited due to lower overall diffusivity to CO2 arising from lower porosity. Higher strength concrete also influences the difficulty of demolition and crushing/recycling of the built concrete at the end of the first generation and CO2-e which were considered in our estimates. The range of concrete strengths, mixture proportions, and carbonation coefficients that were used are summarized in Table II . The exposed surface area of concrete, relative to volume, significantly affects the amount of carbonation that can occur, particularly regarding demolished and recycled concrete. The concrete exposure conditions also significantly affect carbonation, as summarized in Table II , and therefore, four different construction applications of RCA were analysed for CO2-e and carbonation:
(1) RCA crushed into 200 mm boulders and serving as embankment protection, or RCA armor. The boulders are assumed to reside 50 per cent in an exposed air environment, with the remaining 50 per cent exposed to moist soil: depth of carbonation was proportioned between the two exposure environments. The RCA boulder shape was approximated as spherical, although the concrete source, method of crushing, and surface roughness will affect estimates of surface area and volume.
(2) RCA crushed into 100 x 100 x 200 mm prisms that are placed within rectangular steel mesh cages to construct a gabion retaining wall. As with the RCA armor, the depth of carbonation was proportioned between the air-exposed and buried exposure environments.
Because the study has focused on concrete, the CO2-e generated during manufacture and fabrication and placement of the steel cages was not included in this analysis.
(3) RCA crushed to gravel for pipe bedding in a buried and moist exposure environment. (4) RCA crushed to gravel to be applied as road sub-base in a buried and moist exposure environment.
Based on industry advice regarding likely wastage of the original concrete during the recycling process, we have assumed that 80 per cent of the original concrete is recovered and re-used in recycled form. Figure 3 shows high CO2-e arising during manufacture of Portland cement due to the high energy required during calcining, where the raw materials are heated up to 1,400°C in a rotary kiln, as well as the chemical conversion of limestone to CO2. Figure 3 is in agreement with previous studies (Flower and Sanjayan, 2007; Pade and Guimaraes, 2007; Lagerblad, 2005) with OPC manufacture accounting for 71-82 per cent of the total CO2-e expended during the entire service life. Manufacturing of fine and coarse aggregates have significantly lower CO2-e than production of OPC (12-20 per cent), despite quarrying activities (although short term) that expend energy, including blasting, crushing, screening, haulage, stockpiling, and transport. The concrete production and construction phases contribute less CO2-e, ranging from 5 to 8 per cent of the total CO2-e evolved.
Results
First-generation infrastructure
As strength of concrete increases, the OPC content of the concrete mixture becomes higher (Table  II) , thereby increasing CO2-e as a function of the need to accommodate higher quantities of cement in the concrete mixture. The magnitude of the emissions will vary, depending on transportation distance from the concrete plant to the construction site, as well as the complexity of construction. Figure 3 also shows the contribution of carbonation towards reducing overall CO2-e during the life of the first generation: relatively minor compared with CO2-e generated during manufacturing of OPC. The amount of carbonation expectedly changes with strength grade: lower strength concrete will have higher porosity and more continuous pore structure that is more conducive to higher rates of diffusion of CO2. Although less cement is available to react with CO2 as strength decreases (Table II) , the overriding factor is that more porous concrete permits higher penetration of CO2 into the lower strength concretes. As a result, carbonation of 15 MPa concrete during the service life can reduce the estimated CO2-e by 18 per cent, whereas 50 MPa concrete has significantly less carbonation (2 per cent CO2-e). At the conclusion of service life activities account for < 1 per cent CO2-e. Figure 4 shows CO2-e and CO2 uptake by carbonation. Relatively little energy is expended on concrete recycling, although there are slight differences when comparing CO2-e of RCA gabions and embankment armor, crushed to larger boulder size, with finer RCA gravel due to the further processing by crushing and screening during recycling. Higher strength concrete evolves greater CO2-e during recycling due to more energy expended during crushing. The most significant observation during the service life was carbonation ( Figure 4 ) which was considerably greater for all RCA applications than during the life of the first-generation infrastructure (Figure 3) , particularly in the cases of RCA utilized as gravel for road base and pipe bedding, where almost all particles achieve full carbonation. Despite buried and moist exposure conditions that are not conducive to carbonation, RCA gravel showed full carbonation due to the high fineness and therefore higher exposure surface area of the particles. Although the gabions and RCA armor are exposed to conditions that favour higher rates of carbonation than gravel (i.e. part-air and partburied exposure compared with the buried/moist exposure conditions of the gravels), the CO2 uptake is considerably less. This can be explained by the boulder-sized RCA having much lower exposed surface area than RCA gravel and hence lower uptake of CO2 is evidenced. 
Second-generation infrastructure
Service life: first plus second generation
The net CO2-e evolved over the total service life (first plus second generation), taking into account overall carbonation, are summarized in Figure 5 . The totals are summarized in terms of the strength of the original concrete utilized for construction of the first-generation built infrastructure as well as the type of construction application that RCA was incorporated into the second generation.
The influence of carbonation on offsetting the estimated CO2-e during the second generation is evident and is greatest in the case of the applications of RCA gravel, utilized in the pipe bedding and road sub-base applications, where more comprehensive reaction with CO2 occurs due to the higher exposed surface area of the gravel (compared with the boulder-sized RCA that was analysed). When RCA is utilized as gravel for road base, 55-65 per cent of the total CO2-e is compensated by carbonation during the service life, whereas carbonation of RCA utilized as armor rock offsets only up to 17 per cent.
Discussion
When estimating the carbon footprint of built concrete, the effects of concrete recycling and carbonation during the life of the second generation can make considerable offsets when estimating CO2-e. Most life cycle assessments of built concrete focus on emissions developed primarily during the manufacturing of raw materials and primary construction phases; whereas this study has shown that inclusion of recycled concrete within the second-generation construction can reduce CO2-e considerably. Crushed concrete has considerably greater exposed surface area, relative to volume, than a built concrete structure, and therefore is exposed and reacts more comprehensively with CO2. This key factor leads to significantly higher amounts of carbonation when RCA is incorporated into the construction of the second-generation structure. If carbonation is ignored, the emission estimates can be overestimated by as much as 45 per cent, depending on the strength of the concrete that was utilized for construction of the first-generation infrastructure as well as the type of construction application when incorporating RCA into a second-generation structure. A further consideration is the case where RCA is utilized as an aggregate as a component of concrete utilized in new construction. In addition to carbonation of the cement binder within the concrete, uncarbonated cement within the RCA can also be expected to react with CO2 and therefore increase the overall uptake of CO2 over the life cycle. Nevertheless, the key source of CO2 emissions relates to manufacture of Portland cement. Whilst partly substituting OPC with fly ash or slag was outside this particular study, significant reductions in emissions can be achieved (Flower and Sanjayan, 2007) . While reducing the amount of solid landfill, recycled concrete provides significant capture of airborne CO2. The effects of carbon capture by recycled concrete aggregate, when incorporated into a second-generation built infrastructure, is significant, and should be included in life cycle estimates of CO2-e for concrete structures.
Conclusions
Recycled concrete chemically captures significant amounts of CO2 over the life cycle due to chemical reaction between atmospheric CO2 with exposed concrete. However, this effect is generally not considered in CO2-e estimates for built concrete infrastructure which generally ceases at the time of demolition of the built infrastructure. This paper has re-examined CO2-e in terms of the service life definition and proposes that it encompasses the first-generation structure, spanning the time from sourcing the raw materials through to demolition, and includes a second-generation construction application which incorporates recycled concrete from the original structure. Recycled concrete has considerably smaller particle size following crushing, and therefore higher exposed surface area that carbonates significantly during the second generation. Our findings have shown that if carbonation is ignored, the emission estimates can be overestimated by as much as 45 per cent, depending on the source strength of the concrete that was utilized as well as the type of construction application incorporating RCA during for the second generation. Considering that concrete recycling is common practice (e.g. within Australia, it totals 74 per cent of demolished concrete), the second-generation construction application that follows demolition of the original built concrete should be included in the life cycle estimates of CO2 emissions.
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